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Abstract 

Increase of the density of dendritic spines and enhancement of synaptic transmission through ionotropic glutamate 
receptors are important events, leading to synaptic plasticity and eventually hippocampus-dependent spatial learning and 
memory formation. Here we have undertaken an innovative approach to upregulate hippocampal plasticity. RNS60 is a 0.9% 
saline solution containing charge-stabilized nanobubbles that are generated by subjecting normal saline to Taylor-Couette- 
Poiseuille (TCP) flow under elevated oxygen pressure. RNS60, but not NS (normal saline), PNS60 (saline containing a 
comparable level of oxygen without the TCP modification), or RNS10.3 (TCP-modified normal saline without excess oxygen), 
stimulated morphological plasticity and synaptic transmission via NMDA- and AMPA-sensitive calcium influx in cultured 
mouse hippocampal neurons. Using mRNA-based targeted gene array, real-time PCR, immunoblot, and immunofluores- 
cence analyses, we further demonstrate that RNS60 stimulated the expression of many plasticity-associated genes in 
cultured hippocampal neurons. Activation of type IA, but not type IB, phosphatidylinositol-3 (PI-3) kinase by RNS60 together 
with abrogation of RNS60-mediated upregulation of plasticity-related proteins (NR2A and GluRI) and increase in spine 
density, neuronal size, and calcium influx by LY294002, a specific inhibitor of PI-3 kinase, suggest that RNS60 upregulates 
hippocampal plasticity via activation of PI-3 kinase. Finally, in the 5XFAD transgenic model of Alzheimer's disease (AD), 
RNS60 treatment upregulated expression of plasticity-related proteins PSD95 and NR2A and increased AMPA- and NMDA- 
dependent hippocampal calcium influx. These results describe a novel property of RNS60 in stimulating hippocampal 
plasticity, which may help AD and other dementias. 

Citation: Roy A, Modi KK, Khasnavis S, Ghosh S, Watson R, et al. (2014) Enhancement of Morphological Plasticity in Hippocampal Neurons by a Physically Modified 
Saline via Phosphatidylinositol-3 Kinase. PLoS ONE 9(7): e101883. doi:10.1371/journal.pone.0101883 

Editor: Thierry Amedee, Centre national de la recherche scientifique. University of Bordeaux, France 

Received March 24, 2014; Accepted June 12, 2014; Published July 9, 2014 

Copyright: © 201 4 Roy et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted 
use, distribution, and reproduction in any medium, provided the original author and source are credited. 

Data Availability: The authors confirm that all data underlying the findings are fully available without restriction. All relevant data are within the paper. 

Funding: This work was supported by Revalesio Corporation. The funder had no role in study design, data collection and analysis, decision to publish, or 
preparation of the manuscript. 

Competing Interests: Drs. Richard Watson and Supurna Ghosh are full-time employees of the Revalesio Corporation. They are authors of this manuscript 
because both of them participated in experimental design, analysis and manuscript preparation. RNS60 is a drug candidate in development. However, this does 
not alter the authors adherence to all the PLoS ONE policies on sharing data and materials. 

* Email: Kalipada_Pahan@rush.edu 



Introduction 

Alzheimer's disease (AD) is the most common neurodegener- 
ative disorder in the aged population. Impairments in memory and 
cognition, as well as extensive loss of hippocampal neurons [1] are 
the hallmarks of this disease. The death of hippocampal neurons is 
often associated with strong down-regulation of many functional 
genes [2] involved in ion conductance [3,4], synapse formation 
[5], dendritic arborization [6], long term potentiation [7,8], and 
long term depression [8,9]. Impaired calcium influx through 
ionotropic glutamate receptors including NMDA and AMPA 
receptors is directly linked to the loss of hippocampal learning and 
memory [10]. Postmortem analysis of AD brains showed that 
expression of NMDA receptor subunits including NR 1 , NR2 A, 
and NR2B was altered in susceptible brain regions including 
hippocampus [11]- Down-regulation of immediate early genes 
(IEGs) [12] including arc, z.ij-268, homer-1, c-fos and inhibition of 
synapse-associated genes [13,14,15] including psd-95, synpo, adam- 
10 have also been reported in AD brain. In addition, oxidative 



[16] and nitrosylative [17,18] damages in different hippocampal 
proteins also have been implicated in the loss of function and 
eventual death of hippocampal neurons. Many pharmacological 
compounds have been tested in the treatment of AD, including 
cholinesterase inhibitors and memantine, but most of them 
generate several side effects because of the poor metabolic 
activities of the elderly population. 

RNS60 is physically modified saline that contains no active 
pharmaceutical ingredients. It is generated by subjecting normal 
saline to Taylor-Couette-Poiseuille (TCP) flow under elevated 
oxygen pressure [19,20,21]. Recently, we have demonstrated that 
RNS60 exerts anti-inflammatory effects in glial cells via suppres- 
sion of nuclear factor kappa B (NF-kB) activation [19]. Here, we 
delineate that RNS60, stimulates calcium influx via NMDA- and 
AMPA-sensitive ionotropic glutamate receptors and increases the 
expression of many plasticity related genes in hippocampal 
neurons and thus may affect hippocampal plasticity. Furthermore, 
we demonstrate that RNS60 induced the activation of type IA PI- 
3 kinase and that RNS60 stimulated morphological plasticity and 
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increased calcium influx in hippocampal neurons via PI-3 kinase 
activation. Finally, in the 5XFAD transgenic model of AD, RNS60 
treatment upregulated plasticity-related molecules and increased 
hippocampal calcium influx. Our studies suggest that this 
physically-modified saline may be explored as a therapeutic agent 
in AD and other dementias. 

Materials and Methods 

Animal maintaining and experiments were in accordance with 
National Institute of Health guidelines and were approved by the 
Institutional Animal Care and Use committee of the Rush 
University of Medical Center, Chicago, IL. Whenever needed, 
animals were anesthetized by ketamine/xylazine injectables. 

Reagents 

Neurobasal medium and B27 supplement were purchased from 
Invitrogen (Carlsbad, CA). Other cell culture materials (Hank's 
balanced salt solution, 0.05% trypsin and antibiotic-antimycotic) 
were purchased from Mediatech (Washington, DC). 5XFAD 
transgenic mice were purchased from Jackson Laboratory, 
genotyped and maintained in our animal care facility. Super 
array kit for analyzing mouse plasticity genes was purchased from 
SAbiosciences. Primary antibodies, their sources and concentra- 
tions used are listed in Table 1. Alexa-fluor antibodies used in 
immunostaining were obtained from Jackson ImmunoResearch 
and IR-dye-labeled reagents used for immunoblotting were from 
Li-Cor Biosciences. NMDA (cat #M3262), AMPA (cat #P8765) 
were purchased from Sigma-Aldrich. N20C hydrochloride (cat 
#2213) and naspm trihydrochloride (cat #2766) were purchased 
from TOCRIS. 

Animals 

B6SJL-Tg(APPSwFlLon,PSEN 1 *M 1 46L*L286V)6799Vas/J 
transgenic (5XFAD) mice were purchased from Jackson Labora- 
tories (Bar Harbor, ME). Five month old male 5XFAD mice were 
treated with RNS60 or NS (300 ul/mouse/2d) via i.p. injection 
for 1 month followed calcium influx assay and tissue immuno- 
staining. 

Preparation of RNS60 

RNS60 was generated at Revalesio (Tacoma, WA) using 
Taylor-Couette-Poiseuille (TCP) flow as described before 
[19,20,21]. Briefly, sodium chloride (0.9%) for irrigation, USP 
pH 5.6 (4.5-7.0, Hospira), was processed at 4°C and a flow rate of 
32 mL/s under 1 atm of oxygen back-pressure (7.8 mL/s gas flow 

Table 1. Antibodies, sources, applications, and dilutions used. 



rate), while maintaining a rotor speed of 3,450 rpm. Chemically, 
RNS60 contains water, sodium chloride, 50-60 parts/million 
oxygen, but no active pharmaceutical ingredients. 

The following controls for RNS60 were also used in this study: 
a) NS, unaltered normal saline from the same manufacturing 
batch; b) RNS10.3, normal saline that was processed through the 
same device without adding excess oxygen; c) PNS60, normal 
saline with the same final oxygen content (55 ±5 ppm) as RNS60 
but not processed with TCP flow. Careful analysis demonstrated 
that all three fluids were chemically identical [19]. Liquid 
chromatography quadrupole time-of-flight mass spectrometric 
analysis also showed no difference between RNS60 and other 
control solutions [19]. On the other hand, by using atomic force 
microscopy, we studied nanobubble nucleation in RNS60 and 
other saline solutions and observed that RNS60 had a nanobubble 
composition different from that of control saline solutions [19]. 
This same relative pattern of nanobubble number and size was 
observed when positive potentials were applied to AFM surfaces 
with the same control solutions, suggesting the involvement of 
charge in stabilization of nanobubbles in RNS60 (Fig. 1 A). 

Isolation and maintenance of Mouse Hippocampal 
neurons 

Hippocampal neurons were isolated from fetuses (El 8) of 
pregnant female mice as described by us [22,23,24]. Briefly, 
dissection and isolation procedures were performed in an ice-cold, 
sucrose buffer solution (sucrose 0.32 M, Tris 0.025 M; pH 7.4). 
The skin and the skull were carefully removed from the brain by 
scissors followed by peeling off the meninges by a pair of fine 
tweezers. A fine incision was made in the middle line around the 
circle of Willis and medial temporal lobe was opened up. 
Hippocampus was isolated as a thin slice of tissue located near 
the cortical edge of medial temporal lobe. Hippocampal tissues 
isolated from all fetal pups (n > 1 0) were combined together and 
homogenized with 1 ml of Trypsin for 5 min at 37°C followed by 
neutralization of trypsin [23,24]. The single cell suspension of 
hippocampal tissue was plated in the poly-D-lysine pre-coated 96- 
well and 12-well plates. Five minutes after plating, the superna- 
tants were carefully removed and replaced with complete 
neurobasal media. The next day, 10 uM AraC was added to 
remove glial contamination in the neuronal culture. The pure 
cultures of hippocampal neurons were allowed to differentiate fully 
for 18-21 days before treatment (Fig. IB). 



Antibody 


Manufacturer 


Catalogued 


Host 


Application 


Dilution/Amount 


NR2A 


Cell Signaling 


4205 


Rabbit 


WB, ICC/IF 


1:500 (WB) 1:100(IF) 


GluRI 


Cell Signaling 


8850 


Rabbit 


WB, ICC/IF 


1:500 (WB) 1:100(IF) 


R-actin 


Abeam 


Ab6276 


Mouse 


WB 


1 :6000 


CREB 


Cell Signaling 


9197S 


Rabbit 


WB 


1:500 


PSD95 


Abeam 


Ab2723 


Mouse 


WB, ICC/IF 


1:1000 (WB) 1:100(IF) 


PI3 Kinase pi 10a 


Cell Signaling 


4249S 


Rabbit 


WB 


1:1000 


PI3 Kinase pi 100 


Santacruz Biotechnology 


sc-7175 


Rabbit 


WB 


1:200 


PI3 Kinase pllOy 


Santacruz Biotechnology 


sc-1 66365 


Mouse 


WB 


1:200 



WB, Western blot; ICC, immunocytochemistry; IHC, immunohistochemistry; IF, immunofluorescence; ChIP, chromatin immunoprecipitation. 
doi:1 0.1 371 /journal.pone.01 01 883.t001 
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Figure 1. Effect of RNS60, NS, PNS60, and RNS10.3 on the number, size, and maturation of dendritic spines in hippocampal 
neurons. A) Schematic representation of RNS60. Three-week old hippocampal neuronal cultures (B) were treated with 2, 5, or 10% RNS60 for two 
days followed by immunostaining with neuronal marker MAP2 (green) and Alexa-647 conjugated phalloidin (red) for spines (C). Boxplot analyses for 
quantifying the spine density in neurons in response to different doses of RNS60 (D). Control-, RNS60-, NS-, PNS60-, and RNS10.3-treated neurons 
were double-stained with MAP2 and Phalloidin after 48 h of incubation (E). The images on the left show a larger view of dendrites, and the three 
images per group on the right show the spine density of dendrites collected from three separate images from each group. Yellow arrowheads 
indicate mushroom spines and white arrowheads indicate stubby spines. Green arrows used in the left panel are magnified and presented in one of 
three right side images. The spine density (F) was measured from Phalloidin-stained neurons and plotted as a function of 10-um long dendrites (G). 
The cartoon shows the strategy applied to measure the spine size. (H) Accordingly, spine size was calculated from 20 images of dendrites. (I) Spines 
with head to neck ratio of 0.6 were considered as matured spines and their number was counted and plotted. Number of mushroom (J) and stubby 
(K) spines were counted from 10 different images and plotted for control-, RNS60-, NS-, RNS10.3-, and PNS60-treated hippocampal neurons. 
doi:1 0.1 371 /journal.pone.01 01 883.g001 
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Measurement of spine density and size 

For counting spine density, El 8 hippocampal neurons were 
stained with Alexa-647 conjugated phalloidin (Cat #A22287) 
together with MAP2. Only densely stained neurons were counted. 
The total length of each dendrite was measured at 400X 
magnification using an Olympus BX-5 1 fluorescence microscope. 
The number of spines on the dendrites was counted under oil 
immersion. As some of the spines were hidden under the dendrite, 
only spines that protruded laterally from the shafts of the dendrites 
into the surrounding area of clear neuropil were counted. The 
spine density of a pyramidal neuron was calculated by dividing the 
total number of spines on a neuron by the total length of its 
dendrites, and was expressed as the number of spines/ 10 (Im 
dendrite. The size of the dendritic spines was measured by 
calculating the ratio of mean fluorescent intensity (MFI) of the 
spine head and MFI of the dendritic shaft. 

Dendrite Visualization and Quantitative Morphometric 
Analysis 

The length of the apical dendrite and the number of dendritic 
arbors were measured by tracing of MAP-2 stained neurons with 
Inkscape software tracing tools. All images were scaled under same 
color intensities. For calculating the number of collaterals, images 
were magnified at 100X magnification in olynpus BX51 micro- 
scope and then the number of collaterals was measured for each 
l()0-|4m long dendrites. The axon was identified by its distinct 
morphology and was eliminated from quantification. "Apical" 
dendrites were defined as the longest single protrusion, also 
referred to as the primary dendrite, which has the largest diameter 
proximal to the cell body. 

Calcium Influx Assay in Primary Mouse Hippocampal 
Neurons 

Cultured hippocampal neurons were loaded with Fluo4- 
fluorescence conjugated calcium buffer (Invitrogen Molecular 
Probes, Cat #F10471) and incubated at 37°C for 60 min as 
described before [22]. Briefly, fluorescence excitation and emission 
spectra were recorded in a Perkin-Elmer Victor X2 Luminescence 
Spectrometer in the presence of 50 |iM NMDA and AMPA 
solutions. The recording was performed with 300 repeats at 0. 1 ms 
intervals. Oscillogram was generated with the help of Parkin 
Elmer 2030 software that was connected to Victor X2 calcium 
recorder unit. The realtime calcium noise graph was generated as 
a kinetic chart plotted in a logarithmic scale. 

Calcium Influx Assay in Mouse Hippocampal Slices 

Male C57BL/6 animals (n = 5) were anesthetized, rapidly 
perfused with ice cold sterile PBS, and decapitated. The whole 
brain was carefully removed from the cranium. Dorsoventral slices 
of the hippocampus were made in a TPI PELCO 101 Vibratome 
series 1000 semi-automatic tissue sectioning system at a thickness 
of 100 micron. The slice chamber of the vibratome was filled with 
cutting solution [sucrose 24.56 g, dextrose 0.9008 g, ascobate 0.0881 g, 
sodium pyruvate 0.1650 g, and myoinositol 0.2703 g in 500 mL distilled 
water) and continuously bubbled with 5% CO z and 95% O z gas 
mixture. The whole chamber was kept ice cold during the slicing 
period. Slices were then carefully transferred into Fluo-4 dye 
containing reaction buffer. The reaction buffer was made prior to 
the making of brain slices using 10 mL of artificial CSF (119 mM 
NaCl, 26.2 mM MaHC0 3> 2.5 mM KCl, 1 mM NaH 2 P0 4 , 1.3 mM 
MgCl-2. 10 mM glucose, bubbled with 5% C0 2 and 95% 0 2 followed by 
the addition of 2.5 mM CaCl 2 ) added to one bottie of Fluo-4 dye (Cat 
^Fl()471), and 250 mM probenecid. Before transferring slices, a 



flat bottom 96 well plate (BD Falcon; Cat #323519) was loaded 
with 50 |lL of reaction buffer per well, covered with aluminum 
foil, and kept in a dark place. One individual slice was placed in 
each well loaded with reaction buffer, and the plate was re- 
wrapped with aluminum foil and kept at 37°C for 20 min. The 
calcium assay was conducted as described above. 

Immunofluorescence analysis 

Immunofluorescence analysis was performed as described 
earlier [25,26,27]. Briefly, cells cultured in 8-well chamber slides 
(Lab-Tek II) were fixed with 4% paraformaldehyde for 20 min 
followed by treatment with cold ethanol (— 20°C) for 5 min and 2 
rinses in PBS. Samples were blocked with 3% BSA in PBST for 
30 min and incubated in PBST containing 1 % BSA and rabbit 
anti-NR2A (1:100), anti-GluRl (1:100), anti-PSD95 (1:100) and 
anti-CREB (1:100). After three washes in PBST (15 min each), 
slides were further incubated with cy2- and cy5-conjugated 
secondary antibodies (Jackson ImmunoResearch Laboratories, 
Inc.). For negative controls, a set of culture slides was incubated 
under similar conditions without the primary antibodies. The 
samples were mounted and observed under an Olympus 1X81 
fluorescent microscope. For tissue staining, brains were kept in 4% 
paraformaldehyde and 30-p.m slices were sectioned in a cryostat 
followed by immunostaining as described before [28] . 

Cellular Membrane Extraction 

Neuronal membranes were isolated to determine the recruit- 
ment of various membrane-associated proteins to the membrane. 
Cells were washed with PBS, scraped into phenol-red-free HBSS 
and transferred to 5-mL ultracentrifuge tubes. The solution was 
then diluted with 100 mM sodium bicarbonate buffer (pH 11.5) 
and spun in an ultracentrifuge at 40,000 rpm for 1 hr at 4°C. The 
resultant supernatant was aspirated and the pellet was immersed in 
double-distilled H 2 0 and SDS and stored at — 80°C overnight. 
The following day, the pellet was resuspended by repeated 
grinding and boiling. 

Immunoblot Analysis 

Immunoblot analysis was carried out as described earlier 
[22,29,30,31]. Briefly, neuronal cell homogenates were electro- 
phoresed, proteins were transferred onto a nitrocellulose mem- 
brane, and protein band was visualized with Odyssey infrared 
scanner after immunolabeling with primary antibodies followed by 
infra-red fluorophore-tagged secondary antibody (Invitrogen, 
Carlsbad, CA). 

Semi-quantitative RT-PCR 

Total RNA was isolated from mouse primary hippocampal 
neurons using Ultra spec-II RNA reagent (Biotecx Laboratories, 
Inc.) following manufacturer's protocol. To remove any contam- 
inating genomic DNA, total RNA was digested with DNase. Semi 
quantitative RT-PCR was carried out as described earlier [32] 
using a RT-PCR kit from Clontech. Briefly, 1 |0.g of total RNA 
was reverse-transcribed using oligo(dT) 12 _i8 as primer and MMLV 
reverse transcriptase (Clontech) in a 20-|ll reaction mixture. The 
resulting cDNA was appropriately-diluted, and diluted cDNA was 
amplified using following primers: 

nr-2a (mouse): Sense: 5'-GAGGCTGTGGCTCAGATGCTG- 
GATT-3' 

Anti-sense: S'-GGCCCGGCTTGAGGT TTCAGAAAT G-3' 
glurl (mouse): Sense: 5'-AATGGTGGTACGACAAGGGC-3' 
Anti-sense: 5 '-GGATTGC ATGGACTTGGGGA-3 ' 
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Amplified products were electrophoresed on a 1.8% 
gels and visualized by ethidium bromide staining. 



agarose 



i. Control 



ii. RNS60 



Hi. NS 



Real-time PCR Analysis 

It was performed using the ABI-Prism7700 sequence detection 
system (Applied Biosystems) as described earlier [28,29] using 
primers and FAM-labeled probes from Applied Biosystems. The 
mRNA expressions of respective genes were normalized to the 
level of GAPDH mRNA. Data were processed by the ABI 
Sequence Detection System 1.6 software and analyzed by 
ANOVA. 

PCR super array analyses of plasticity-associated genes 

The Mouse Synaptic Plasticity RT 2 Profiler PCR Array (SA 
Biosciences; Cat $TAMM-126Z) profiles the expression of 84 key 
genes central to synaptic alterations during learning and memory. 
Briefly, mouse hippocampal neurons were treated with 10% (v/v) 
RNS60 and NS for 24 h foUowed by isolation of total RNA using 
Qiagen RNA isolation kit and synthesis of cDNA as described 
previously (26,27). Next, cDNA samples were diluted 100-fold and 
2 |J.L of diluted cDNA was added into each well of a 96-well array 
plate followed by the amplification of cDNA using SYBR green 
technology in the ABI-Prism7700 sequence detection system. The 
resulting Ct value was normalized with the housekeeping gene 
GAPDH and then plotted in heatmap explorer software. 

Results 

RNS60 induced morphological plasticity in cultured 
hippocampal neurons 

Since the formation and maturation of dendritic spines 
contribute directly to the long-term enhancement of synaptic 
efficacy of hippocampal neurons involved in learning and 
memory, we studied the effect of RNS60 on the number, size, 
and maturation of dendritic spines. First, we analyzed the effect of 
2%, 5% and 10% v/v RNS60 on the spine density. Interestingly, 
RNS60 dose-dependently increased the density of dendritic spines 
in cultured hippocampal neurons (Fig. 1C-D). A detailed 
morphological analyses further revealed that RNS60, but not 
controls such as NS, PNS, and RNS10.3, stimulated the number 
(Fig. 1E-F), size (Fig. 1G-H), and maturation (Fig. 1J-K) of 
dendritic spines in hippocampal neurons. This suggests that 
RNS60 enhances the synaptic maturation of hippocampal neurons 
by enriching the density and size of dendritic spines. 

The shape, size, and complexity of dendritic arbors are also 
associated with long-term synaptic facilitation [33,34] in hippo- 
campal neurons. Therefore, we tested the effect of RNS60 on 
enlargement of apical dendrites, formation of new arbors, and 
number of neurons with tertiary branches. Our tracing analyses 
(n = 10 per group) clearly showed that RNS60 significandy 
increased the elongation of primary dendrites (Fig. 2A & 2C), 
the number of dendritic collaterals (Fig. 2B & 2D), and the number 
of neurons with tertiarydendritic branches (Fig. 2E-F). 

RNS60 stimulated inward calcium currents in cultured 
hippocampal neurons 

Since an increase in the number of matured spines directly 
regulates synaptic transmission in the post-synaptic neurons via 
NMDA and AMPA-regulated ionotropic receptors, our next aim 
was to study calcium influx through NMDA and AMPA receptors 
after RNS60 treatment. As the activation of ionotropic glutamate 
receptors is a very rapid and transient process, we first measured 
calcium influx during short time periods after RNS60 treatment in 
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Figure 2. RNS60 stimulates the dendritic length, and the 
number of collaterals of primary dendrites in cultured 
hippocampal neurons. (A, B) Hippocampal neuronal cultures were 
treated with 10% RNS60 or NS for two days followed by immunostain- 
ing with the dendritic marker MAP2. Stained neurons were traced in 
scalable vector graphics (SVG) software inkscape for only primary 
dendrites (A) and for detailed branching (B). (C) The length of primary 
dendrites, (D) number of collaterals per 100 u.m dendrite, (E) branching 
points, and (F) tertiary branches (plotted in a percent scale to RNS60) 
were calculated from twenty images of each treatment group. a p<0.01 
versus control. 

doi:10.1371/journal.pone.0101883.g002 

cultured mouse hippocampal neurons. Incubation of the cells with 
RNS60 for 5, 15, and 30 minutes did not induce a strong 
induction of NMDA- (Fig. 3A) or AMPA- (Fig. 3B) dependent 
calcium influx, even though in all cases, RNS60 showed high 
amplitude oscillations, indicating that the excitability of ionotropic 
glutamate receptors was not altered. Next, we examined the effect 
of RNS60 on NMDA- and AMPA-dependent calcium influx in 
cultured hippocampal neurons after 24 h of incubation. Interest- 
ingly, we observed that RNS60, but neither NS nor PNS60, now 
stimulated calcium influx in the presence of NMDA (Fig. 3C) or 
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AMPA (Fig. 3D). Moreover, prolonged incubation of hippocampal 
neurons with RNS60 resulted in high frequency calcium influx in 
the presence of NMDA (Fig. 3E) or AMPA (Fig. 3F), suggesting 
that RNS60 may potentiate postsynaptic membrane depolariza- 
tion, eventually leading to the long term enhancement of synaptic 
activity [35] in hippocampal neurons. Moreover, the induction of 
calcium current through NMDA and AMPA receptors are known 
to be influenced by a passive or secondary activation of AMPA 
and NMDA receptors, respectively. Therefore, in order to nullify 
the secondary involvement of NMDA activation in AMPA 
current, we used a specific NMDA receptor blocker M20C. 
Similarly to reject the passive involvement of AMPA receptor in 
NMDA activation, we also used a specific AMPA blocker Naspm. 
We observed that a shorter pre-incubation with 20 |J.M of N20C 
and 50 |lM of Naspm efficiently knocked down the NMDA-(Fig. 
3GI) and AMPA-induced (Fig. 3H) calcium currents in cultured 
hippocampal neurons. Next, we recorded the NMDA-driven 
calcium currents in the presence of AMPA-antagonist Naspm 
(Fig. 31) and AMPA-driven (Fig. 3J) calcium currents in the 
presence of N20C in RNS-, NS-, and PNS-treated hippocampal 
neurons. In both cases, the recorded current showed significant 
induction in RNS60-treated, but neither NS- nor PNS-treated 
neurons, nullifying the contribution of passive calcium currents. 

RNS60 modulated the expression of plasticity-associated 
genes in hippocampal neurons 

Because RNS60 failed to significantly induce NMDA- and 
AMPA-dependent calcium influx after short-term incubation, we 
assume that RNS60 is not involved in the transient phosphory- 
lation of NMDA and AMPA receptor subunits. However, the 
induction of NMDA- and AMPA-dependent calcium influx after 
24 h of incubation with RNS60 prompted us to investigate the 
effect of RNS60 on the expression of plasticity-associated genes in 
cultured hippocampal neurons. Time-dependent mRNA analysis 
showed that RNS60 increased NR2A and GluRl expression levels 
within 2 h of treatment (Fig. 4A-B). The level of upregulation of 
both NR2A and GluRl mRNA continued to increase with time 
throughout the duration (24 h) of the experiment (Fig. 4A-B). We 
corroborated our mRNA expression studies with protein expres- 
sion analysis of NR2A, GluRl, PSD95, and CREB in hippocam- 
pal neurons. Immunofluorescence analysis of PSD95 (Fig. 4C), 
GluRl (Fig. 4D-E), and NR2A (Fig. 4F-G) showed that RNS60 
strongly upregulated these proteins in the projections of hippo- 
campal neurons (Fig. 4C-G). Immunoblot analyses of NR2A and 
GluRl (Fig. 4H-I) along with CREB and PSD95 (Fig. 4J-K) 
further confirmed that RNS60 significantly stimulated the 
expression of multiple plasticity-related proteins in hippocampal 
neurons. 

Neuronal plasticity is controlled by multiple proteins. To 
investigate which other plasticity-associated genes are affected by 
RNS60 in the hippocampus, we performed mRNA-based super 
array analysis of plasticity-related genes in both RNS60- and NS- 
treated cultured hippocampal neurons. The results are summa- 
rized in a heat-map presentation (Fig. 5A-B). We observed that 62 
of 84 analyzed genes were upregulated, 9 genes were down- 
regulated, and 13 genes remained unaltered in RNS60-treated 
hippocampal neurons as compared to NS-treatment (Fig. 5C). 
Among the upregulated genes, we identified IEGs including arc, 
ztf-268, and c-fos; synapse-associated genes including synpo, adam- 
10, and psd-95; and most interestingly genes encoding NMDA 
receptor subunits including nrl, nr2a, nr2b, and nr2c; genes for the 
AMPA receptor subunit glurl; and genes for neurotrophic factors 
and their receptors including bdnf, nt'i, nt5, and ntrk2. Furthermore, 
CREB is an important molecule for plasticity as it controls the 



transcription of various plasticity-related molecules [36,37]. It is 
interesting to see that RNS60 upregulates CREB as well as 
different signaling molecules that are involved in the activation of 
CREB. For example, the adenylate cyclase pathway is known to 
activate CREB via the cAMP - protein kinase A (PKA) pathway 
[38]. RNS60 treatment increases the expression of genes encoding 
for different adenylate cyclases (adcyl and adcyS] in mouse 
hippocampal neurons as compared to NS treatment (Fig. 3A-B). 
CREB is also activated by Ca 2+ /calmodulin-dependent protein 
kinase II (CAM kinase II) and Akt [38,39], and RNS60 also 
upregulated the expression of camk2a and aktl (Fig. 3 A— B). In 
contrast, RNS60 treatment down-regulated the expression of 
Gria2, Ppplca, Ppp2ca, and Ppp3ca, proteins encoded by genes that 
are known to support long-term depression (Fig. 5A-C). 

In order to validate the array-based mRNA results, we 
performed quantitative real-time PGR analysis of nine randomly 
chosen genes from the list. We confirmed that RNS60 indeed 
upregulated the mRNA expression of nr2a (Fig. 5Di), nr2b 
(Fig. 5Dii), glurl (Fig. 5Diii), arc (Fig. 5Div), homer-1 (Fig. 5Dv), 
creb (Fig. 5Dvi), bdnf {Fig. 5Dvii), and z.if-268 (Fig. 5Dviii) by several 
fold in hippocampal neurons as compared to untreated neurons. 
In contrast, RNS60 inhibited the mRNA expression of Gabra5 
(Fig. 5Dix). These results were specific as NS-treatment did not 
alter the expression of these genes (Fig. 5D). 

RNS60 upregulated plasticity-associated genes and 
stimulated calcium influx in primary mouse hippocampal 
neurons via phosphatidylinositol 3-kinase (PI3K) 

Next we investigated the mechanisms by which RNS60 
increased these plasticity related genes in cultured hippocampal 
neurons. Recently we have observed that RNS60 activates PI3K 
in microglial cells [19]. Because PI3K is linked to a diverse group 
of cellular functions, we examined whether activation of PI3K by 
RNS60 played a role in RNS60-mediated stimulation of plasticity. 
At first, we tested the effect of RNS60 on PI3K activation in 
hippocampal neurons. Class IA PI3K, which is regulated by 
receptor tyrosine kinases, consists of a heterodimer of a regulatory 
85-kDa subunit and a catalytic 1 10-kDa subunit (p85:pl 10a/p/8). 
Class IB PI3K, on the other hand, consists of a dimer of a 101-kDa 
regulatory subunit and a pllOy catalytic subunit (plOl/pl 10y). 
While in resting condition, subunits of PI3K are located mainly in 
cytoplasm, upon activation, these are translocated to the plasma 
membrane [40,41]. Therefore, we monitored the activation of 
class IA and IB PI3K by the recruitment of pi 10a, pi 10(5 and 
pi 10y to the membrane. Western blotting of membrane fractions 
for pi 10 subunits suggests that RNS60 specifically induces the 
recruitment of pi 10a and pi 1 0(3, but not pi 10y, to the membrane 
(Fig. 6A). Densitometric analysis of the pi 10a and pi 10(5 at 
different time points of RNS60 stimulation indicates significant 
activation of PI3K at 10 and 15 min (Fig. 6B). On the other hand, 
we did not observe any activation of pi 10a and p 1 1 0(3 PI3K at 
5 min of RNS60 stimulation (Fig. 6A-B). Again these results were 
specific as NS remained unable to activate pi 10a and pi 10(3 PI3K 
at either 10 or 15 min of RNS60 stimulation. Together, these 
results suggest that RNS60 activates type IA PI3K pi 10a and 
pi 1 0(3, but not type IB PI3K pi lOy, in hippocampal neurons. 

Next, to understand whether modulation of PI3K signaling 
pathway is involved in the RNS60-induced neuronal plasticity, we 
pretreated primary mouse hippocampal neurons with 2 |lM PI3K 
inhibitor (LY294002) for 15 min followed by stimulation with 10% 
RNS60 or NS. After 3 h of stimulation, mRNA expression of 
NR2A and GluRl was monitored by RT-PCR and real-time 
PCR. In this instance as well, RNS60 treatment increased the 
expression of NR2A and GluRl (Fig. 6C-E). However, LY294002 
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Figure 3. Effect of RNS60, PNS60, and NS on NMDA and AMPA-dependent calcium influx in cultured mouse hippocampal neurons. 

Mouse hippocampal neurons were treated with10% (v/v) RNS60 for 5, 15, or 30 minutes under serum free condition followed by treatment with 
50 |J.M NMDA and AMPA as described in the materials and methods section. (A) Normalized fluorescence value of NMDA-dependent and (B) AMPA- 
dependent calcium influx monitored for 300 repeats over a 90-second period of time in cultured hippocampal neurons. NMDA-dependent (C) and 
AMPA- dependent (D) calcium influx in primary neurons after 24 h of RNS60, NS, or PNS60 treatment. The data are presented as the mean of three 
independent experiments. Noise recordings of (E) NMDA-driven and (F) AMPA-driven calcium currents in RNS60 and NS-treated primary neuronal 
cultures. Mouse hippocampal neurons were treated with RNS60 for 24 hrs followed by the incubation with either 20 uM of NMDA receptor inhibitor 
N20C or 50 uM of AMPA receptor inhibitor Naspm for five minutes. After that Cells were treated with 50 uM NMDA (G) or AMPA (H) followed by 
calcium influx measurement. To nullify the secondary involvement of AMPA receptor in NMDA-dependent calcium currents, cells were treated with 
NMDA together with Naspm followed by the recording of calcium influx (I). Similarly AMPA-dependent calcium influx was measured in the presence 
of N20C. Results are presented as the mean of three independent experiments. FU = fluorescence unit. 
doi:1 0.1 371 /journal.pone.01 01 883.g003 



abrogated RNS60-mediated increase in NR2A and GluRl 
expression in hippocampal neurons (Fig. 6C-E). However, 
LY29402 inhibits the activation of both class 1A and IB PI3K. 
Therefore, our next aim was to identify the specific class of PI3K 
that was involved in the RNS60-mediated upregulation of NR2A 
and GluRl in hippocampal neurons. We used three different 
PI3K inhibitors: GDC-0941 (an inhibitor of pi 10a); TGX-221 (an 
inhibitor of pi 10(5); and AS-605240 (an inhibitor of pllOy). 



Interestingly, the pretreatment of ot and (5 inhibitors, but not y 
inhibitor, significantly suppressed the RNS60-stimulated expres- 
sion of NR2A and GluRl in cultured hippocampal neurons 
(Fig. 6F-H) suggesting that class 1A, not class IB PI3K, is involved 
in the upregulation of plasticity-associated genes in RNS60- 
stimulated neurons. 

Since reduced expression of NR2A and GluRl is linked to the 
decreased spine density and dendritic maturation of neurons, we 
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Figure 4. Effect of RNS60 on the expression of plasticity-associated proteins in mouse hippocampal neurons. (A) RT-PCR and (B) real- 
time PCR analyses of NR2A and GluRl genes were performed in mouse primary hippocampal neurons at 0, 2, 6, 12, and 24 h of RNS60 (10% v/v) 
treatment. Results are mean ± SD of three independent results. *p<0.001 versus control-NR2A; **p<0.001 versus control-GluR1. (C) 
Immunofluorescence analysis of PSD95 in mouse hippocampal neurons after 24 hrs of RNS60 or NS treatment as described in the materials and 
methods section. The panels on the right are magnified views of the dotted boxes in the panels on the left. (D) Dual immunofluorescence analysis of 
GluRl (red) and beta tubulin (green) in mouse primary neurons treated with RNS60 and NS for 24 hrs. (E) Numbers of GluRl -immunoreactive spines 
were counted in 50-micron long neurites of control, NS-, and RNS60-treated hippocampal neurons and then plotted as percent compared to 
untreated controls. Results are mean ± SD of three independent results. *p<0.01 versus control. (F) Double labeling of NR2A (red) and beta tubulin 
(green) in mouse hippocampal neurons treated with RNS60 or NS for 24 hrs. (G) Numbers of NR2A-immunoreactive spines were plotted as percent of 
control in control, NS-, and RNS60-treated neurons. Results are mean ± SD of three independent results and **p<0.001 versus control. Mouse 
primary neurons were treated with RNS60 and NS for 24 hrs followed by immunoblot analyses of NR2A and GluRl (H); CREB and PSD-95 (J). (I and K) 
Representative histograms are relative densitometric plots of respective immunoblot analyses. "p<0.0l versus control NR2A, b p<0.001 versus control 
GluRl, c p<0.0l versus control CREB, and d p<0.01 versus control PSD95. Results are mean ± SD of three independent experiments. 
doi:1 0.1 371 /journal.pone.01 01 883.g004 



tested the role of the PI3K pathway in the RNS60-mediated 
increase in spine density and dendritic morphologies. A 15-min 
pretreatment with 2 |J.M LY29402 significantly decreased the 
RNS60-induced increase in spine density in hippocampal neurons 
(Fig. 7A), as quantified by spine density counts (Fig. 7C). 



Interestingly, LY29402 also attenuated primary dendritic length 
and number of dendritic collaterals in RNS60-treated neurons 
(Fig. 7Bi-iii), as quantified in figure 7D-E. 

The critical event leading to the induction of synaptic 
transmission appears to be the influx of calcium currents into 
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Figure 5. Effect of RNS60 on the expression of plasticity-associated genes in cultured mouse hippocampal neurons. Mouse primary 
neurons were treated with 10% RNS60 or NS for 24 h followed by the analysis of plasticity-associated gene expression from total mRNA by mRNA- 
based super array technology. (A) Heatmap expression profile of 84 plasticity-associated genes as derived from mRNA-based array. Red represents 
the minimum and blue represents the maximum level of expression. (B) Histogram summary of the expression of all genes shown in the heatmap. (C) 
Venn diagram summarizing the list of genes that were upregulated, downregulated, and unaltered by RNS60. (D) Real time mRNA analysis of eight 
randomly selected genes including NR2A (i), NR2B (ii), GluR1 (iii), Arc (iv), Homerl (v), CREB (vi), BDNF (vii), Zif-268 (viii), and Gabra5 (ix) in mouse 
hippocampal neurons under similar treatment conditions. Results are mean ± SD of three independent experiments. a p<0.001 versus control; b p< 
0.01 versus control-Gabra5. 
doi:1 0.1 371 /journal.pone.01 01 883.g005 



the postsynaptic spine. Therefore, we analyzed the effect of 
LY294002 on RNS60-induced calcium influx. As shown earlier, 
RNS60 treatment stimulated calcium influx in the presence of 
either NMDA (Fig. 8A-B) or AMPA (Fig. 8C-D). However, 
LY294002 ablated the stimulatory effect of RNS60 on NMDA- 
(Fig. 8A-B) and AMPA-induced (Fig. 8C-D) calcium influx. 



Together, these data suggest that RNS60's effects on plasticity in 
hippocampal neurons are mediated via activation of the PI3K 
pathway. 
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Figure 6. The role of the PI3K pathway in RNS60-mediated upregulation of plasticity-associated genes in mouse hippocampal 
neurons. (A) Mouse hippocampal neurons were stimulated with RNS60 or NS for 5, 10, 15, and 30 minutes under serum-free condition followed by 
immunoblot analyses of p1 1 0 a, (3, and y in membrane fractions. (B) Relative densitometric analysis of p1 1 0 a and p bands. Results are mean ± SD of 
three independent experiments. a p<0.001 versus control-pi 10a; b p<0.001 versus control-pl 10/1. (C) Cells pretreated with 2 uM LY294002 for 
15 minutes were stimulated with 10% RNS60. After 3 h of stimulation, the mRNA expression of NR2A and GluRI was analyzed by semi-quantitative 
RT-PCR (D) and real-time PCR (E). After 24 hrs of treatment with 5 uM of pi 10a (F), 2 uM of pi 10(3 (G), and 20 uM of pi 10y (H) inhibitors RNS60- 
stimulated neurons were immunoblotted for NR2A and GluRI proteins. Results are mean ± SD of three independent experiments. c p<0.001 versus 
control-NR2A; d p<0.001 versus control-GluRI . 
doi:1 0.1 371 /journal. pone.01 01 883.g006 



RNS60 treatment increases the expression of plasticity- 
associated proteins in vivo in the hippocampus of 5XFAD 
transgenic mice 

Strong down-regulation of NMDA and AMPA receptor 
proteins and loss of calcium excitability in hippocampal neurons 
are often observed in AD brain, and a reversal of these cellular 
events may have implications in AD and other forms of dementia. 
Although at present, we do not know how RNS60 may enter into 



the CNS, we have observed activation of type 1A PI-3 kinase, 
RNS60-specific signaling event, in the nigra of mice within only 
3 h of intraperitoneal administration, suggesting that RNS60 may 
enter into the CNS [21]. Accordingly, peripheral administration of 
RNS60 protected dopaminergic neurons in the nigra of MPTP- 
intoxicated mice [21]. In another study, RNS60 treatment also 
protected mice from relapsing-remitting experimental allergic 
encephalomyelitis [20]. Therefore, next we wanted to study the 
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Figure 7. Activation of PI3K regulates morphological plasticity in RNS60-treated mouse hippocampal neurons. (A) LY294002 pie- 
treated mouse hippocampal neurons were stimulated with RNS60 and NS for 48 hrs followed by double-immunostaining with MAP2 (green) and 
Phalloidin (red) to demonstrate the spine density. (B) Neurons were traced by Inkscape software after 48 hrs of treatment with RNS (ii) and NS (iii). (C) 
Spine density, (D) dendritic length, and (E) dendritic branches were measured from 10 different neurons of each treatment group. 
doi:1 0.1 371 /journal.pone.01 01 883.g007 



effect of RNS60 treatment on the expression of these hippocampal 
proteins in 5XFAD mice, an accelerated model of AD. First, we 
performed immunoblot analyses of different hippocampal proteins 
in 5XFAD transgenic (TR) and age-matched non-transgenic 
(NTR) mice, as well as in transgenic animals treated with RNS60 
(TR+RNS60) or NS (TR+NS). Immunoblot analysis revealed a 
strong down-regulation of ionotropic glutamate receptor subunits 
including NR2A and GluRl (Fig. 9A-B), and other plasticity- 
associated proteins including PSD-95 and CREB (Fig. 9C-D), in 
the hippocampus of TR mice as compared to NTR mice. This 
deficit was almost completely restored by the treatment with 
RNS60, while NS remain ineffective. Consistently, immunofluo- 
rescence analysis showed that RNS60 treatment significandy 
upregulated the expression of PSD95 (Fig. 9E) and NR2A 
(Fig. 9Fi— iv) in the hippocampus of TR animals. Of note, the 
number of signal hotspots in representative 3D intensity plot of 



RNS60-treated TR mice was similar to that of NTR mice 
(Fig. 9Gi-iv). 

Next, we examined whether we could record calcium influx in 
hippocampal slices of adult mice. Consistent with the decreased 
expression of plasticity-associated molecules in the hippocampus of 
TR mice as compared to NTR mice, AMPA- (Fig. 9H) and 
NMDA-dependent (Fig. 91) calcium influx was also reduced in 
hippocampal slices of TR mice compared to NTR mice. However, 
AMPA- and NMDA-dependent calcium influx increased in 
hippocampal slices of TR mice after RNS60 treatment (Fig. 9H- 
I). Interestingly, the level of calcium influx in hippocampal slices of 
(TR+RNS) group was comparable to that observed in hippocam- 
pal slices of the NTR group. As evident from Figure 9J, RNS60 
treatment evoked oscillatory amplitude in the hippocampus of TR 
mice to a level that is similar to untreated NTR mice. 
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Figure 8. Activation of PI3K regulates both NMDA- and AMPA-sensitive calcium influx in RNS60-treated mouse hippocampal 
neurons. Mouse hippocampal neurons pretreated with 2 uM LY294002 for 15 minutes were incubated with 10% (v/v) RNS60 for 24 h under serum 
free condition followed by the measurement of calcium influx in the presence of 50 uM NMDA (A) and AMPA (B). Representative images are (C) 
NMDA- and (D) AMPA-mediated noise recordings of calcium influx in control, NS-, RNS60-, (RNS60+LY)-, and LY-treated primary hippocampal 
neurons. Results are mean of three independent experiments. FU = fluorescence unit. 
doi:1 0.1 371 /journal.pone.01 01 883.g008 



Discussion 

It is believed that neuronal plasticity decreases with old age and 
in patients with AD. Therefore, exploring ways to boost plasticity 
in AD or aging is an important area of research. Although there 
are other drugs and approaches for improving brain function, here 
we introduce a simple saline-based agent to augment plasticity. 
RNS60 is generated by subjecting normal saline to Taylor- 
Couette-Poiseuille (TCP) turbulence in the presence of elevated 
oxygen pressure. It does not contain any active pharmaceutical 
ingredient [19,20]. Due to TCP turbulence, RNS60 is proposed to 
contain charge-stabilized nanostructures consisting of an oxygen 
nanobubble core surrounded by an electrical double-layer at the 
liquid/gas interface [19,20]. 



Here, we delineate the first evidence that saline generated due 
to TCP turbulence is capable of improving plasticity in cultured 
hippocampal neurons and in vivo in the hippocampus of 5XFAD 
transgenic mice. Our conclusion is based on the following: First, we 
observed that RNS60 induced the number, size, and maturation of 
dendritic spines in cultured hippocampal neurons, suggesting a 
beneficial role of RNS60 in regulating the synaptic efficacy of 
neurons. Second, RNS60 increased the dendritic length and 
collaterals in neurons further corroborating the role of RNS60 
in stimulating the morphological plasticity of neurons. Third, we 
observed that RNS60 did not alter the calcium dependent 
excitability of hippocampal neurons, but rather stimulated 
inbound calcium currents in these neurons through ionotropic 
glutamate receptor. This indicates that RNS60 modulates 
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Figure 9. Effect of RNS60 on the expression of plasticity-associated molecules in vivo in the hippocampus of 5XFAD transgenic 
animals. Five-month old transgenic mice (n = 5 per group) were injected i.p. with RNS60 or NS (300 ul/mouse/2d) for 60 days. After that, animals 
were sacrificed and their hippocampi were analyzed for the expression of different plasticity-associated proteins. Immunoblot analysis of GluR1 and 
NR2A (A); PSD-95 and CREB (C) in the hippocampal extracts of NTR (non-transgenic), TR (transgenic), TR+NS, and TR+RNS animals. Relative 
densitometric analyses ofGluRI and NR2A (B) & PSD95 and CREB (D). Results are mean ± SEM of five mice per group. a p<0.001 versus control-GluR1; 
b p<0.005 versus control-NR2A; c p<0.001 versus TR-GluRI; d p<0.005 versus TR-NR2A; e p<0.005 versus control-PSD95; f p<0.001 versus control-CREB; 9 p< 
0.001 versus TR-PSD95; h p<0.005 versus TR-CREB. (E) Hippocampi of NTR and TR animals treated with RNS60 or NS were stained with PSD95 (red) and 
beta-tubulin (green). Representative images show the distribution of PSD95 in the presynaptic branches of CA1 nucleus. (F) Double labeling of NR2A 
(red) and beta tubulin (green) in CA-1 hippocampus of NTR-, TR-, (TR+RNS60)-, and (TR+NS)- animals. (Gi-iv) The distribution of NR2A in the CA-1 
nucleus is shown in a 3D contour diagram as signal hotspot (Image Dig software). Red, yellow, green, and blue colors indicate regions with less, 
moderate, high, and very high distribution of NR2A receptors, respectively. (H) AMPA- and (I) NMDA-dependent calcium currents were measured in 
the hippocampal slices of NTR, TR, (TR+RNS60), and (TR+NS) animals as described under materials and methods. (J) Representative noise recordings 
of calcium currents in hippocampal slices of NTR and (TR+RNS60) mice. FU = fluorescence unit. 
doi:1 0.1 371 /journal.pone.01 01 883.g009 



plasticity-related activities. Fourth, RNS60 induced the expression 
of a broad spectrum of plasticity-associated molecules in hippo- 
campal neurons. Fifth, RNS60 augmented the levels of several 
genes, proteins of which stimulate signaling pathways (adenylate 



cyclase, CAM kinase II and Akt) for the activation of CREB, the 
master regulator of plasticity. Sixth, proteins encoded by several 
genes such as Gria2, Ppplca, Ppp2ca, and Ppp3ca are known to 
support long-term depression [42]. It is interesting to see that 
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RNS60 down-regulated the expression of Gria2, Ppplca, Ppp2ca, 
and Ppp3ca in hippocampal neurons. Seventh, RNS60 treatment 
increased the expression of plasticity-associated molecules and 
augmented calcium influx in vivo in the hippocampus of 5XFAD 
transgenic mice. These results together clearly demonstrate that 
RNS60 effectively increased neuronal plasticity and thus may have 
prospects as a therapeutic agent in patients with AD and other 
dementias. 

A growing body of evidence suggests that the excessive 
activation of glutamate-operated NMDA receptors in postsynaptic 
neurons is the primary factor of progressive neuronal loss in AD 
[35]. Different noncompetitive and uncompetitive NMDA recep- 
tor blockers are being used for the treatment of AD [43]. However 
prolonged use of these drugs eventually destroys the normal 
excitability of these receptors, which is essential for the viability of 
these neurons. Moreover, these specific inhibitors of NMDA 
receptors generate a wide range of side effects including chest pain, 
nausea, increased heart rate, breathing trouble, lowered urination, 
and different digestive disorders because of their poor metabolic 
clearance among older populations [44,45] . In contrast, RNS60 is 
chemically identical to isotonic saline with additional oxygen. In 
our study, RNS60 treatment generated high amplitude NMDA- 
dependent calcium oscillations both in cell culture and in vivo 
experiments. Since high amplitude calcium wave corresponds to 
the excitability of ionotropic receptors, we can infer that RNS60 
does not alter the normal excitability of NMDA receptors. 
Moreover, it induced the expression many growth supportive 
molecules including CREB, BDNF and NTRs, which are required 
for the survival of neurons; synaptic proteins including PSD95, 
ADAM- 1 0, and Synpo, which are required for the maintenance of 
synaptic structure; receptor proteins including NR2A, GluRl, and 
NR2B, which are needed for calcium excitability of the 
postsynaptic neurons; and IEGs such as c-FOS, Arc, Homer 1, 
and Zif-268 essential for neuroplasticity, leading to memory 
consolidation [46,47,48]. 

Signaling mechanisms leading to plasticity are becoming clear. 
Recently, we and others have reported that the master regulator 
cAMP response element-binding (CREB) plays an important role 
in plasticity and several plasticity-associated genes contain multiple 
cAMP response elements (CRE) in their promoter regions 
[22,49,50,51,52]. Recently, we have also demonstrated that 
RNS60 induces the activation of CREB in microglial cells via 
type IA phosphatidylinositol 3-kinase (PI3K) in microglial cells 
[19]. PI3K is a key signaling molecule implicated in the regulation 
of a broad array of biological responses including cell survival [41]. 
For class IA PI3K, the p85 regulatory subunit acts as an interface 

References 

1. Whitchousc PJ, Price DL, Strublc RG, Clark AW, Coylc JT, ct al. (1982) 
Alzheimer's disease and senile dementia: loss of neurons in the basal forebrain. 
Science 215: 1237-1239. 

2. Colangelo V, Schurr J, Ball MJ, Pelaez RP, Bazan NG, et al. (2002) Gene 
expression profiling of 12633 genes in Alzheimer hippocampal CA1: 
transcription and neurotrophic factor down-regulation and up-regulation of 
apoptotie and pro-inllammatory signaling. J Ncurosci Res 70: 462^r73. 

3. Jacob CP, Koutsilieri E, Bartl J, Ncucn-Jacob E, Arzberger T, et al. (2007) 
Alterations in expression of glutamatergie transporters and receptors in sporadic 
Alzheimer's disease. J Alzheimcrs Dis 11: 97—116. 

4. Myers SJ, Dingledine R, Borges K (1999) Genetic regulation of glutamate 
receptor ion channels. Annu Rev Pharmacol Toxicol 39: 221-241. 

5. Selkoe DJ (2002) Alzheimer's disease is a synaptic failure. Science 298: 789-791. 

6. Shim KS, Lubee G (2002) Drcbrin, a dendritic spine protein, is manifold 
decreased in brains of patients with Alzheimer's disease and Down syndrome. 
Ncurosci Lett 324: 209-212. 

7. Clayton DA, Meschcs MH, Alvarez E, Bickford PC, Browning MD (2002) A 
hippocampal NR2B deficit can mimic age-related changes in long-term 
potentiation and spatial learning in the Fischer 344 rat. J Neurosci 22: 3628- 
3637. 



by interacting with the IRS-1 through its SH2 domain and thus 
recruits the pi 10 catalytic subunit (pllOoc/p 1 ) to the cell 
membrane, which in turn activates downstream signaling mole- 
cules like Akt/protein kinase B and p70 ribosomal S6 kinase [41]. 
On the other hand, for class IB PI3K, pllOy is activated by the 
engagement of G-protein coupled receptors. The pllOy then 
catalyzes the reaction to release phosphatidylinositol (3,4,5)- 
triphosphate as the second messenger, using phosphatidylinositol 
(4,5)-bisphosphate as the substrate, and activates downstream 
signaling molecules [40]. Here we demonstrate that RNS60 
induces the activation of both the subunits of type IA PI-3K 
(pi 10a and pllOP) without modulating type IB PI-3K pllOy in 
primary hippocampal neurons, suggesting the specific activation of 
type IA pll0a/p PI3K in neurons. Accordingly, selective knock- 
down of type IA, but not type IB, receptor ameliorated the 
RNS60-stimulated expression of plasticity-associated genes. More- 
over, decrease of spine density, and other morphological features 
and stimulation of calcium influx in hippocampal neurons by 
inhibitors of PI3K suggest that RNS60 increases long term 
synaptic efficacy via PI3K. 

Due to the unavailability of proper detection techniques to track 
and detect nanobubbles, at present, we do not have any direct way 
to measure RNS60 within the brain. However, recendy we have 
found that within 3 hours of intraperitoneal administration, 
RNS60 induces the activation of class IA PI3K and the 
upregulation of IkBoc, signature events of RNS60, in vivo in the 
nigra [31]. Therefore, it is possible that RNS60 enters the brain. 

In summary, we have demonstrated that RNS60 treatment 
upregulates plasticity-associated molecules and calcium influx in 
cultured hippocampal neurons and in vivo in the hippocampus of 
5XFAD mice. In healthy human beings and asthma patients, 
phase I testing has been completed. It was well tolerated with no 
serious adverse event. In the US, it has been approved by FDA for 
phase II clinical trial in patients with multiple sclerosis and asthma. 
Although no trials have been done in AD patients, results 
presented in this manuscript highlight a novel plasticity boosting 
property of RNS60 and suggest that this simple modified saline 
may be explored for stimulating synaptic plasticity in AD and 
other dementias. 

Author Contributions 

Conceived and designed the experiments: KP AR. Performed the 
experiments: AR KKM SK. Analyzed the data: KP AR SG RW. 
Contributed reagents/ materials/ analysis tools: SG RW. Contributed to the 
writing of the manuscript: KP AR SG. 



8. Malenka RC, Bear MF (2004) LTP and LTD: an embarrassment of riches. 
Neuron 44: 5-2 1 . 

9. Collingridgc GL, Peincau S, Howland JG, Wang YT (2010) Long-term 
depression in the CNS. Nat Rev Ncurosci 11: 459-473. 

10. Olney JW, Wozniak DF, Farber NB (1998) Glumate receptor dysfunction and 
Alzheimer's disease. Restor Neurol Ncurosci 13: 75-83. 

11. Mishizcn-Eberz AJ, Rissman RA, Carter TL, Ikonomovic MD, Wolfe BB, et al. 
(2004) Biochemical and molecular studies of NMDA receptor subunits NR1/ 
2A/2B in hippocampal subrcgions throughout progression of Alzheimer's 
disease pathology. Neurobiol Dis 15: 80-92. 

12. Desjardins S, Mayo W, Vallee M, Hancock D, Lc Moal M, ct al. (1997) Effect of 
aging on the basal expression of e-Fos, c-Jun, and Egr-1 proteins in the 
hippocampus. Neurobiol Aging 18: 37^4. 

1.3. Proctor DT, Coulson EJ, Dodd PR (2010) Reduction in post-synaptic scaffolding 
PSD-95 and SAP- 102 protein levels in the Alzheimer inferior temporal cortex is 
correlated with disease pathology. J Alzheimcrs Dis 21: 795-81 1. 

14. Reddy PH, Mani G, Park BS, Jacques J, Murdoch G, ct al. (2005) Differential 
loss of synaptic proteins in Alzheimer's disease: implications for synaptic 
dysfunction. J Alzheimcrs Dis 7: 103-117; discussion 173-180. 



PLOS ONE | www.plosone.org 



14 



July 2014 | Volume 9 | Issue 7 | e101883 



RNS60 Controls Function of Hippocampal Neurons 



15. Bell KF, Zheng L, Fahrenholz F, Cuello AC (2008) ADAM- 10 over-expression 
increases cortical synap to genesis. Neurobiol Aging 29: 554—565. 

16. Good PF, Werner P, Hsu A, Olanow CW, Perl DP (1996) Evidence of neuronal 
oxidative damage in Alzheimer's disease. Am J Pathol 149: 21-28. 

17. Lipton SA, Choi YB, Pan ZH, Lei SZ, Chen HS, et al. (1993) A redox-based 
mechanism for the neuroprotective and ncurodcstructivc effects of nitric oxide 
and related nitroso-compounds. Nature 364: 626-632. 

18. Selvakumar B, Jenkins MA, Hussain NK, Huganir RL, Traynelis SF, et al. 
(2012) S-nitrosylation of AMPA receptor GluAl regulates phosphorylation, 
single-channel conductance, and endoeytosis. Proc Natl Acad Sci USA 110: 
1077-1082. 

19. Khasnavis S, Jana A, Roy A, Mazumder M, Bhushan B, et al. (2012) 
Suppression of Nuclear Factor-kappaB Activation and Inflammation in 
Microglia by Physically Modified Saline. J Biol Chcm 287: 29529-29542. 

20. Mondal S, Martinson JA, Ghosh S, Watson R, Pahan K (2012) Protection of 
Tregs, suppression of Thl and Thl7 cells, and amelioration of experimental 
allergic encephalomyelitis by a physically-modified saline. PLoS One 7: c51869. 

21. Khasnavis S, Roy A, Ghosh S, Watson R, Pahan K (2013) Protection of 
Dopaminergic Neurons in a Mouse Model of" Parkinson's Disease by a 
Physically-Modified Saline Containing Charge-Stabilized Nanobubbles. 
J Ncuroimmunc Pharmacol 9: 218-232. 

22. Roy A, Jana M, Corbctt GT, Ramaswamy S, Kordower JH, ct al. (2013) 
Regulation of Cyclic AMP Response Element Binding and Hippocampal 
Plasticity-Related Genes by Peroxisome Proliferator- Activated Receptor alpha. 
Cell Rep 4: 724-737. 

23. Jana M, Jana A, Pal U, Pahan K (2007) A simplified method for isolating highly 
purified neurons, oligodendrocytes, astrocytes, and microglia from the same 
human fetal brain tissue. Neuroehem Res 32: 2015—2022. 

24. Saha RN, Ghosh A, Palcncia CA, Fung YK, Dudek SM, et al. (2009) TNF- 
alpha preconditioning protects neurons via neuron-specific up-regulation of 
CREB-binding protein. J Immunol 183: 2068-2078. 

25. Roy A, Jana A, Yatish K, Freidt MB, Fung YK, et al. (2008) Reactive oxygen 
species up-regulate CDllb in microglia via nitric oxide: Implications for 
neurodegenerative diseases. Free Radic Biol Med 45: 686—699. 

26. Mondal S, Roy A, Jana A, Ghosh S, Kordower JH, et al. (2012) Testing NF- 
kappaB-bascd therapy in hemiparkinsonian monkeys. J Ncuroimmunc Pharma- 
col 7: 544-556. 

27. Mondal S, Roy A, Jana A, Ghosh S, Kordower JH, et al. (2012) Testing NF- 
kappaB-bascd therapy in hemiparkinsonian monkeys. J Ncuroimmunc Pharma- 
col 7: 544-556. 

28. Ghosh A, Roy A, Liu X, Kordower JH, Mufson EJ, ct al. (2007) Selective 
inhibition of NF-kappaB activation prevents dopaminergic neuronal loss in a 
mouse model of Parkinson's disease. Proc Natl Acad Sci USA 104: 18754- 
18759. 

29. Roy A, Ghosh A, Jana A, Liu X, Brahmachari S, et al. (2013) Sodium 
phenylbutyrate controls neuroinflammatory and antioxidant activities and 
protects dopaminergic neurons in mouse models of Parkinson's disease. PLoS 
One 7: c38113. 

30. Jana A, Modi KK, Roy A, Anderson JA, van Breemen RB, ct al. (2013) Up- 
regulation of neurotrophic factors by cinnamon and its metabolite sodium 
benzoate: therapeutic implications for neurodegenerative disorders. 
J Ncuroimmunc Pharmacol 8: 739-755. 

31. Khasnavis S, Pahan K (2012) Sodium benzoate, a metabolite of cinnamon and a 
food additive, upregulates neuroprotective Parkinson disease protein DJ-1 in 
astrocytes and neurons. J Ncuroimmunc Pharmacol 7: 424-435. 



32. Roy A, Fung YK, Liu X, Pahan K (2006) Up-rcgulation of microglial CDllb 
expression by nitric oxide. J Biol Chcm 281: 14971-14980. 

33. Vctter P, Roth A, Hausser M (2001) Propagation of action potentials in 
dendrites depends on dendritic morphology. J Neurophysiol 85: 926-937. 

34. Maincn ZF, Sejnowski TJ (1996) Influence of dendritic structure on firing 
pattern in model ncocortical neurons. Nature 382: 363-366. 

35. Li L, Stefan MI, Le Novere N (2012) Calcium input frequency, duration and 
amplitude differentially modulate the relative activation of calcincurin and 
CaMKII. PLoS One 7: c43810. 

36. Impey S, Goodman RH (2001) CREB signaling-timing is everything. Sci STKE 
2001: pel. 

37. Bito H, Takemoto-Kimura S (2003) Ca(2+)/CREB/CBP-dependcnt gene 
regulation: a shared mechanism critical in long-term synaptic plasticity and 
neuronal survival. Cell Calcium 34: 425-430. 

38. Xia Z, Storm (2012) DR Role of signal transduction crosstalk between adenylyl 
cyclase and MAP kinase in hippocampus-dependent memory. Learn Mem 19: 
369-374. 

39. Sodcrling TR (1999) The Ca-calmodulin-dependcnt protein kinase cascade. 
Trends Biochcm Sci 24: 232-236. 

40. Franke TF, Kaplan DR, Cantley LC, Toker A (1997) Direct regulation of the 
Akt proto-oneogene product by phosphatidylinositol-3,4-bisphosphatc. Science 
275: 665-668. 

41. Koyasu S (2003) The role of PI3K in immune cells. Nat Immunol 4: 313-319. 

42. Isaac J (2001) Protein phosphatase 1 and LTD: synapses arc the architects of 
depression. Neuron 32: 963-966. 

43. Danysz W, Parsons CG (2003) The NMDA receptor antagonist mcmantine as a 
symptomatological and neuroprotective treatment for Alzheimer's disease: 
preclinical evidence. Int J Geriatr Psychiatry 18: S23-32. 

44. Geerts H, Grossberg GT (2006) Pharmacology of acetylcholinesterase inhibitors 
and N-methyl-D-aspartatc receptors for combination therapy in the treatment of 
Alzheimer's disease. J Clin Pharmacol 46: 8S— 16S. 

45. Rossom R, Adityanjee, Dyskcn M (2004) Efficacy and tolcrability of mcmantine 
in the treatment of dementia. AmJ Geriatr Pharmacothcr 2: 303-312. 

46. Grinevich V, Secburg PH, Schwarz MK, Jczova D (2012) Homer 1 - a new 
player linking the hypothalamic -pituitary- adrenal axis activity to depression and 
anxiety. Endocr Regul 46: 153-159. 

47. MacDonald JF, Jackson MF, Beazcly MA (2006) Hippocampal long-term 
synaptic plasticity and signal amplification of NMDA receptors. Crit Rev 
Neurobiol 18: 71-84. 

48. Medina AE, Liao DS, Mower AF, Ramoa AS (2001) Do NMDA receptor 
kinetics regulate the end of critical periods of plasticity? Neuron 32: 553—555. 

49. Yin JC, Del Vecchio M, Zhou H, TuUy T (1995) CREB as a memory 
modulator: induced expression of a dCREB2 activator isoform enhances long- 
term memory in Drosophila. Cell 81: 107-115. 

50. Lee HK, Takamiya K, Han JS, Man H, Kim CH, ct al. (2003) Phosphorylation 
of the AMPA receptor GluRl subunit is required for synaptic plasticity and 
retention of spatial memory. Cell 112: 631-643. 

51. Guzowski JF, McGaugh JL (1997) Antisense oligodeoxynuclcotide-mediatcd 
disruption of hippocampal cAMP response element binding protein levels 
impairs consolidation of memory for water maze training. Proc Nad Acad 
Sci USA 94: 2693-2698. 

52. Impey S, Smith DM, Obrictan K, Donahue R, Wade C, et al. (1998) 
Stimulation of cAMP response clement (CRE)-mediated transcription during 
contextual learning. Nat Neurosci 1: 595-601. 



PLOS ONE | www.plosone.org 



15 



July 2014 | Volume 9 | Issue 7 | e101883 



